Abstract: Campylobacter jejuni is a Gram-negative bacterium that represents a leading cause of human gastroenteritis worldwide. Of particular concern is the link between C. jejuni infections and the subsequent development of Guillain-Barr e syndrome, an acquired autoimmune disorder leading to paralysis. All Gram-negative bacteria contain complex glycoconjugates anchored to their outer membranes, but in most strains of C. jejuni, this lipoglycan lacks the O-antigen repeating units. Recent mass spectrometry analyses indicate that the C. jejuni 81116 (Penner serotype HS:6) lipoglycan contains two dideoxyhexosamine residues, and enzymological assay data show that this bacterial strain can synthesize both dTDP-3-acetamido-3,6-dideoxy-D-glucose and dTDP-3-acetamido-3,6-dideoxy-D-galactose. The focus of this investigation is on WlaRG from C. jejuni, which plays a key role in the production of these unusual sugars by functioning as a pyridoxal 5 0 -phosphate dependent aminotransferase. Here, we describe the first three-dimensional structures of the enzyme in various complexes determined to resolutions of 1.7 Å or higher. Of particular significance are the external aldimine structures of WlaRG solved in the presence of either dTDP-3-amino-3,6-dideoxy-D-galactose or dTDP-3-amino-3,6-dideoxy-D-glucose. These models highlight the manner in which WlaRG can accommodate sugars with differing stereochemistries about their
Introduction
The lipopolysaccharide, or LPS, is a complex glycoconjugate found on the outer membranes of Gramnegative bacteria. It consists of three components: (1) the lipid A, which anchors the complex lipoglycan into the outer membrane, (2) the core oligosaccharide, and the (3) O-antigen, which often contains unusual sugars such as 3-amino-3,6-dideoxy-D-galactose (Fuc3N), 3-amino-3,6-dideoxy-D-glucose (Qui3N), tyvelose, and paratose, amongst others. 1 Whereas the lipid A component has been implicated as a major contributor to the toxicity of Gram-negative bacterial infections, less is known regarding the biological role of the unusual sugars found in the O-antigens, although new data are emerging. 1 For example, it has been shown that inactivation of the first gene in the O-antigen biosynthetic cluster in Francisella tularensis, the causative agent of rabbit fever, results in severe attenuation of virulence. 2 In addition, Salmonella serogroups containing deoxygenated sugars are more pathogenic than those composed of only common carbohydrates. 3 Likewise, it has been reported that the O-antigen is essential for full virulence of Yersinia enterocolitica O:8 and, strikingly, its absence affects the expression of other Yersinia virulence factors. 4 As yet another example, a recent study has demonstrated that an O-antigen mutant of Actinobacillus pleuropneumoniae serotype 1 is severely defective in biofilm formation. 5 Through the research efforts of various laboratories over the last fifteen years, many of the biosynthetic pathways for the production of unusual sugars found in bacterial O-antigens have begun to be revealed in exquisite biochemical and structural detail. 6 Some Gram-negative bacteria such as Campylobacter jejuni, however, have a modified LPS lacking the O-antigen, which is referred to as the lipooligosaccharide or LOS. 7 C. jejuni is of particular medical relevance given its emergence as a major cause of foodborne gastroenteritis with most infections attributed to poultry contamination. 8 Whereas human infections with C. jejuni are typically selflimiting, in some cases they can lead to the development of Guillain-Barr e syndrome, a debilitating paralytic neuropathy. 9, 10 Although the exact chemical structure of the C. jejuni 81116 LOS is presently unknown, mass spectrometry analyses and enzymological assay data suggest the presence of 3-acetamido-3,6-dideoxy-Dgalactose (Fuc3NAc) and 3-acetamido-3,6-dideoxy-Dglucose (Qui3NAc) in its outer core. 11 Shown in Scheme 1 are the proposed pathways leading to the formation of these 3,6-dideoxysugars. 12 As can be seen, both pathways initiate with the transfer of a dTMP moiety from dTTP to glucose-1-phosphate as catalyzed by a nucleotidylyltransferase (RmlA). In the second step, the C-6 0 carbon is reduced and the C-4 0 carbon is oxidized in an NAD-dependent reaction that is catalyzed by RmlB. The resulting product, dTDP-4-keto-6-deoxy-D-glucose, serves as a substrate for WlaRA or WlaRB to yield dTDP-3-keto-6-deoxy-D-galactose or dTDP-3-keto-6-deoxy-Dglucose, respectively.
The focus of this investigation is on WlaRG, which catalyzes the next step in the pathways, namely the pyridoxal 5 0 -phosphate or PLP-dependent amination of dTDP-3-keto-6-deoxy-D-galactose or dTDP-3-keto-6-deoxy-D-glucose to produce dTDP-3-amino-3,6-dideoxy-D-galactose (dTDP-Fuc3N) or dTDP-3-amino-3,6-dideoxy-D-glucose (dTDP-Qui3N), respectively. Whereas the PLP-dependent sugar aminotransferases have been well-characterized, WlaRG is unique to C. jejuni in that it functions on two sugars with differing stereochemistries about their C-4 0 carbons. 13, 14 For the investigation described herein, five X-ray structures were determined to resolutions between 1.7 Å to 1.45 Å , including those for the external aldimines of WlaRG in the presence of dTDPFuc3N or dTDP-Qui3N. In addition, during the course of this investigation, it became clear that one of the published models for WbpE from Pseudomonas aeruginosa, a related sugar aminotransferase, contained a chemically impossible structure for the external aldimine. 15 Here, we report the corrected structure of the WbpE external aldimine as well. Taken together, the models described herein provide new insight into the sugar aminotransferases that function on C-3 0 keto groups.
Results
The structure of WlaRG
The first structure of WlaRG solved in this investigation was that of the apo form. The crystals utilized belonged to the space group P2 1 with two dimers in the asymmetric unit. The model was refined to an overall R-factor of 15.0% at 1.6 Å resolution. Given that the a-carbons for the four subunits in the asymmetric unit superimpose with rootmean-square deviations of between 0.2 to 0.3 Å , and for the sake of clarity, only the first dimer in the Xray coordinate file will be discussed. This will also be the case for all other complexes to be described below. Shown in Figure 1 is a ribbon representation of the WlaRG dimer. Each subunit is composed of a large seven-stranded mixed b-sheet, a b-hairpin motif, and 11 a-helices. The total buried surface area is extensive at 4800 Å 2 . The overall architecture of the WlaRG subunit places it into the wellcharacterized aspartate aminotransferase family (Fold Type I). 17 As observed in other sugar aminotransferases, but certainly not all, Tyr 306 adopts the cis conformation with its side chain projecting in towards the active site region. 18 The next structure solved in this investigation was that of the Schiff base formed between the side chain of Lys 184 and PLP, referred to as the internal aldimine. The crystals of the complex diffracted to 1.5 Å resolution, and the final model was refined to an overall R-factor of 14.3%. Shown in Figure 2a is the observed electron density for the internal aldimine in subunit 1 of the dimer. The a-carbons for the apoenzyme and the WlaRG/PLP models superimpose with a root-mean-square deviation of 0.1 Å , indicating that no major structural perturbations occur upon formation of the internal aldimine. Indeed, only several water molecules move out of the active site when PLP binds. A close-up view of the region surrounding the internal aldimine is presented in Figure 2b . The side chains of both Asp 155 and Gln 158 participate in hydrogen bonding interactions with the pyridoxal ring of the cofactor whereas Tyr 84 forms a T-shaped stacking interaction. The backbone amide groups of Gly 58 and Leu 59 from subunit 1, the side chain of Ser 179 from subunit 1, the side chains of Tyr 212 and Asn 226 from subunit 2, and two water molecules anchor the phosphoryl group of the cofactor into the active site.
To prepare crystals of the external aldimine with dTDP-Qui3N, the site-directed mutant protein, K184A, was first constructed. The crystals, grown in the presence of PLP and dTDP-Qui3N, diffracted to a nominal resolution of 1.60 Å , and the model was refined to an overall R-factor of 13.4%. Shown in Figure 3a is the observed electron density for the external aldimine in subunit 1. As can be seen, the electron density is unambiguous. A close-up view of the binding pocket for the external aldimine is presented in Figure 3b . The thymine ring lies within 3.2 Å of the carbonyl oxygen of Gly 28 and the backbone amide nitrogen of Tyr 30 of subunit 2. In addition, the side chain of Trp 29 participates in a parallel shaped stacking interaction with the thymine ring. There are no side chain interactions with the ribose, which adopts the C-2 0 endo pucker. Only a water molecule surrounds its C-3 hydroxyl group. Tyr 181 and His 305 from subunit 1, Lys 217 from subunit 2, and six waters interact with the pyrophosphoryl group of the external aldimine. With respect to the pyranosyl moiety, Tyr 306 and a water molecule form hydrogen bonds with the C-2 0 hydroxyl group, a water molecule lies within 3.2 Å of the C-4 0 hydroxyl, and an additional water is positioned within hydrogen bonding distance to the ring oxygen. In addition, the hexose is surrounded on either side by the aromatic side chains of Tyr 84 and Tyr 181.
The structure of the external aldimine was that of a site-directed mutant variant. To ensure that this mutation did not alter the positioning of the ligand in the active site, the next structure determined was that of the wild-type enzyme with the bound external aldimine. The crystals employed in the study diffracted to 1.45 Å resolution, and the model was refined to an overall R-factor of 12.9%. Within experimental error, the two models are nearly identical. Their a-carbons superimpose with a root-mean-square deviation of 0.1 Å . In the K184A model, a water molecule simply locates to where the side chain of Lys 184 would normally be situated.
The final structure of WlaRG determined in this investigation was that of the external aldimine using the K184A mutant variant crystallized in the presence of dTDP-Fuc3N and PLP. The model was refined to 1.7 Å resolution with an overall R-factor of 10.7%. Shown in Figure 4a is the observed electron density for the external aldimine, and again the conformation of the ligand is unambiguous. A closeup view of the binding site is displayed in Figure 4b . The only major difference between the two external aldimine structures is the hydrogen bonding pattern surrounding the C-4 0 hydroxyl group. In the external aldimine formed between PLP and dTDP-Fuc3N, the side chains of Tyr 84 from subunit 1 and Tyr 212 from subunit 2 participate in hydrogen bonding interactions. The a-carbons for the polypeptide chains of the two external aldimines superimpose with a root-mean-square deviation of 0.1 Å .
The corrected structure of the WbpE external aldimine
During the course of our investigation on WlaRG, we were interested in comparing its molecular architecture to that of WbpE from P. aeruginosa, which catalyzes the amination of UDP-3-keto-2-acetamido-2-deoxy-D-glucuronic acid (UDP-3-keto-GlcNAcA) as indicated in Scheme 2. This represents the third step in the biosynthesis of UDP-2,3-diacetamido-2,3-dideoxy-D-mannuronic acid. 19, 20 A structure of the external aldimine with its product (UDP-3-aminoGlcNAcA) was previously described. 15 The crystals used in that investigation contained two subunits in the asymmetric unit. With the experimental X-ray data deposited in the Protein Data Bank (accession no. 3NUB), we calculated omit maps for the external aldimines in each subunit using (Fo-Fc) coefficients. Shown in Figures 5a and 5b are the corresponding electron densities, which are ambiguous. Importantly, the ribose groups in both subunits have incorrect stereochemistries about their C-2 and C-3 carbons (2S, 3R rather than 2R, 3S).
The crystals of WbpE that we used to solve the structure of the external aldimine belonged to the C2 space group with one subunit in the asymmetric unit. The model was refined to 1.3 Å resolution with an overall R-factor of 19.1%. Shown in Figure 5c is our electron density corresponding to the same external aldimine and calculated with (Fo-Fc) coefficients. As can be seen, the electron density corresponding to the ligand is absolutely clear, and the orientations of the ribose hydroxyl groups demonstrate the correct stereochemistry. The average B-value for the atoms comprising the external aldimine is 12.2 Å 2 . A close-up view of the active site of WbpE, which lies between the two subunits, is displayed in Figure 6 . Contrary to that previously reported, the entire external aldimine is held firmly in place by numerous hydrogen bonding interactions. Specifically, the uracil ring lies within 3.2 Å of the carbonyl oxygen of Gly 29 (subunit 2), the backbone amide nitrogen of Tyr 31 (subunit 2), and two water molecules. The ribose adopts the C-3 0 endo pucker. Its C-2 hydroxyl group is surrounded by the backbone carbonyl and amide nitrogen of Ile 15 and a water molecule, whereas its C-3 hydroxyl group lies within 3.2 Å of an ordered water molecule. Six water molecules surround the pyrophosphoryl group of the ligand. The side chains of Arg 229 (subunit 2) and Tyr 309 (subunit 1) anchor the pyranosyl group into the active site. Those side chains that interact with the cofactor include Thr 60, Asp 156, Gln 159, and Ser 180 from subunit 1 and Asn 227 from subunit 2. In our structure, His 308 does not lie within 3.2 Å of a phosphoryl oxygen of the external aldimine, as previously reported. Rather, its imidazole side chain hydrogen bonds with an ordered water molecule and the side chain hydroxyl group of Tyr 219 (subunit 2).
Discussion
The sugar aminotransferases have been the focus of numerous X-ray crystallographic analyses since the first reported structure of ArnB from Salmonella typhimurium in 2002. 21 This enzyme is involved in the biosynthesis of UDP-4-amino-4-deoxy-L-arabinose, whose addition to lipid A results in bacterial resistance to cationic antimicrobial peptides. 22 Other enzymes with known three-dimensional structures that function on C-4 0 keto sugar substrates include PseC from Helicobacter pylori, 23 DesI from Streptomyces venezuelae, 24 perosamine synthase from Caulobacter crescentus, 25 WecE from Escherichia coli, 26 and PglE from C. jejuni.
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In contrast, only three models have been reported to date for those enzymes that function on C-3 0 keto moieties: DesV from Streptomyces venezuelae, QdtB from Thermoanaerobacterium thermosaccharolyticum E207-71, and WbpE from P. aeruginosa. 15, 27, 28 Each one of these enzymes serves a different biological role. DesV from S. venezuelae catalyzes the fifth step in the production of desosamine, which is ultimately appended to macrolide antibiotics. 29 QdtB from T.
thermosaccharolyticum E207-71 functions as an aminotransferase in the production of 3-acetamido-3,6-dideoxy-a-D-glucose, which comprises part of the S-layer glycan. 30 As noted above, WbpE is involved in the production of 2,3-diacetamido-2,3-dideoxy-D-mannuronic acid, an unusual sugar observed in the Oantigen of P. aeruginosa. 31 Given that only QdtB and WbpE were solved as external aldimines with their amino sugar products, the following comparisons will exclude DesV. WlaRG and QdtB demonstrate amino acid sequence identities and similarities of 39% and 58%, respectively. Not surprisingly, their a-carbons superimpose with a root-mean-square deviation of 0.7 Å . Shown in Figure 7a is a superposition of the regions surrounding the external aldimines. Overall there are only a few minor changes in the active site geometries between the two enzymes. For example, in WlaRG, Leu 6 and Tyr 30, which flank one side of the thymine ring are replaced with Phe 8 and Phe 32 in QdtB. Likewise, Tyr 84 and His 279 in WlaRG structurally correspond to Phe 86 and Tyr 283 in QdtB. As observed for WlaRG, there is a decided lack of interactions between the protein and the C-4 0 hydroxyl in QdtB. Our previous investigation, indeed, revealed that the QdtB from T. thermosaccharolyticum can also function on dTDP-3-keto-6-deoxy-galactose, although it is not its physiological substrate. 28, 32 The sequence identities and similarities between WlaRG and WbpE are 37% and 55%, respectively, and the a-carbons for these two proteins superimpose with a root-mean-square deviation of 1.1 Å . A superposition of the active site regions for these two aminotransferases is presented in Figure 7b . Given the difference in the hexose moieties, the regions surrounding the external aldimines in WlaRG and WbpE are remarkably similar. The thymine and uracil rings adopt similar positions within the active site cleft but in WlaRG one side of the thymine group is flanked by Trp 29 (subunit 2), whereas in WbpE, the uracil moiety abuts Gln 30. The pyrophosphoryl groups of both ligands adopt similar conformations. The WbpE hexose group contains both an N-acetyl group on the C-2 0 carbon and a carboxylate group on the C-6 0 carbon. As can be seen, the residues surrounding the C-2 0 carbons of both the Figure 5 . Structure of the WbpE external aldimine with PLP and UDP-3-amino-GlcNAcA. We calculated omit maps to 1.9 Å resolution using (F o 2 F c ) coefficients and the structure factors deposited in the Protein Data Bank under accession no. 3NUB. Shown in (a) and (b) are the observed electron densities for the WbpE external aldimines in subunits 1 and 2. The maps were contoured at 3r. Note the incorrect stereochemistries about the C-2 and C-3 ribose carbons. Displayed in (c) is the observed electron density for the structure of the WbpE external aldimine determined in our laboratory. The map was calculated to 1.3 Å resolution with (F o 2 F c ) coefficients and contoured at 3r.
WlaRG and WbpE ligands include a tyrosine (Tyr 306 and Tyr 309, respectively) and a histidine (His 305 and His 308, respectively). There is a slight movement of the loop containing these residues that allows WbpE to accommodate the bulkier hexose group. Perhaps the most significant difference between these two aminotransferases is the replacement of Tyr 212 in WlaRG with His 213 in WbpE. This substitution allows WbpE to bind a ligand with a C-6 0 carboxylate group. By mutating Tyr 212 in WlaRG to a histidine or a smaller residue it should be possible to modify its substrate specificity. This work is in progress.
In summary, the three-dimensional structures of C. jejuni WlaRG in various complexes have been defined at high resolution, and the molecular model for the P. aeruginosa WbpE external aldimine has been corrected. Importantly, the models of the external aldimines of WlaRG with either dTDP-Qui3N or dTDP-Fuc3N structurally confirm our original hypothesis that increased space about the pyranosyl ring correlates to decreased substrate specificity of some sugar aminotransferases as first suggested in our Xray analysis of QdtB from T. thermosaccharolyticum. 28 It is fascinating that the C. jejuni 81116 LOS contains two rather than one N-acetylated dideoxysugar.
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Why this bacterium has the ability to synthesize both 3-acetamido-3,6-dideoxy-D-galactose and 3-acetamido-3,6-dideoxy-D-glucose is presently unclear. It is tempting to speculate, however, that having both sugar residues may increase its fitness and ability to evade the host immune response. As previously demonstrated, mutant strains of C. jejuni lacking WlaRG were nonmotile and aflagellate. 11 They also displayed reduced adherence to chicken embryo fibroblasts and were less invasive of human cells. 11 Given that Campylobacter spp. enteritis represents a significant public health issue, the structures reported here may ultimately provide useful targets for structure-based drug design.
Materials and Methods

Cloning of the gene encoding WlaRG
The wlaRG gene (C. jejuni 81116, Penner serotype HS:6) was re-cloned using as a template the previously reported CJV-24 plasmid. 12 Primers were designed to incorporate NdeI and NotI restriction sites. The amplified wlaRG gene was digested with NdeI and NotI and ligated into pET28T-3g plasmid. The pET28T-3g plasmid is a variant of the pET28T plasmid, which had previously been modified to incorporate a TEV protease cleavage recognition site after the N-terminal polyhistidine tag. 33 The "3g"
version has an insertion of two extra glycine residues after the TEV recognition site to facilitate cleavage.
Protein expression and purification
The pET28T-3g-wlaRG plasmid was used to transform Rosetta2(DE3) E. coli cells (Novagen). The cultures were grown at 378C with shaking in lysogeny broth supplemented with kanamycin and chloramphenicol (both at 50 mg/L concentration). When the optical density reached 0.8 at 600 nm, the flasks were cooled in an ice bath, and the cells were induced with the addition of 1 mM isopropyl b-D-1-thiogalactopyranoside and allowed to express protein at 168C for 24 hours. The cells were harvested by centrifugation and frozen as pellets in liquid nitrogen. The stored cell pellets were subsequently disrupted by sonication on ice in a lysis buffer composed of 50 mM sodium phosphate, 20 mM imidazole, 10% glycerol, and 300 mM sodium chloride (pH 8.0). The lysate was cleared by centrifugation, and WlaRG was purified at 48C utilizing Ni-NTA resin (Qiagen) according to the manufacturer's instructions. WlaRG was dialyzed against 10 mM Tris-HCl (pH 8.0) and 200 mM NaCl and concentrated to 23 mg/mL based on an extinction coefficient of 0.97 (mg/mL) 21 cm 21 .
Site-directed mutagenesis
The K184A variant was constructed using the Stratagene Quikchange protocol. The mutant protein was expressed and purified in the same manner as that described for the wild-type enzyme. The protein was concentrated to 16 mg/mL.
Crystallization
Crystallization conditions for WlaRG were initially surveyed by the hanging drop method of vapor diffusion using a laboratory-based sparse matrix screen. Preparation of X-ray diffraction quality crystals also utilized the hanging drop method. The apoenzyme crystals were grown from 100 mM MOPS (pH 7.0) and 15 -18% poly(ethylene glycol) 3350 at room temperature. These crystals were prepared for X-ray data collection by transfer to a cryo-protectant solution composed of 100 mM MOPS (pH 7.0), 28% poly(ethylene glycol) 3350, 300 mM NaCl, and 12% ethylene glycol.
Protein crystals of the internal aldimine were grown from 100 mM MOPS (pH 7.0), 17 -19% poly(ethylene glycol) 3350, 200 mM KCl, and 1 mM PLP at room temperature. These crystals were prepared for X-ray data collection by transfer to a cryoprotectant solution composed of 100 mM MOPS (pH 7.0), 28% poly(ethylene glycol) 3350, 200 mM KCl, 300 mM NaCl, 1 mM PLP, and 12% ethylene glycol.
Crystals of the dTDP-Qui3N external aldimine were grown from 100 mM MOPS (pH 7.0), 12-15% poly(ethylene glycol) 3350, 10 mM dTDP-Qui3N, and 1 mM PLP at room temperature. These crystals were prepared for data collection by transfer to a cryo-protectant solution composed of 100 mM MOPS (pH 7.0), 28% poly(ethylene glycol) 3350, 300 mM NaCl, 10 mM dTDP-Qui3N, 1 mM PLP, and 12% ethylene glycol.
Crystals of the K184A variant in the presence of dTDP-Qui3N were obtained from 100 mM HEPES (pH 7.5), 18-21% poly(ethylene glycol) 5000, 10 mM dTDP-Qui3N, 200 mM KCl, and 1 mM PLP at room temperature. They were prepared for X-ray data collection by transfer to a cryo-protectant solution composed of 100 mM HEPES (pH 7.5), 28% poly(ethylene glycol) 5000, 200 mM KCl, 300 mM NaCl, 10 mM dTDP-Qui3N, 1 mM PLP, and 12% ethylene glycol.
Finally, crystals of the K184A variant in the presence of dTDP-Fuc3N were grown from 100 mM MOPS (pH 7.0), 13 -17% poly(ethylene glycol) 5000, 10 mM dTDP-Fuc3N, and 1 mM PLP at room temperature. These crystals were prepared for X-ray data collection by transfer to a cryoprotectant solution composed of 100 mM MOPS (pH 7.0), 28% poly (ethylene glycol) 5000, 300 mM NaCl, 10 mM dTDP-Fuc3N, 1 mM PLP, and 12% ethylene glycol.
The dTDP-ligands required for this investigation were prepared as previously described. 34 
X-ray data collection and processing
All data sets were collected in house at 100 K with a Bruker AXS Platinum-135 CCD detector controlled with the PROTEUM software suite (Bruker AXS). The X-ray source was Cu Ka radiation from a Rigaku RU200 X-ray generator equipped with Montel optics and operated at 50 kV and 90 mA. The Xray data sets were processed with SAINT and scaled with SADABS (Bruker AXS). Relevant X-ray data collection statistics are listed in Table I .
Structure analyses of WlaRG
For all of the crystals of WlaRG employed in this investigation, the systematic absences and X-ray data scaling statistics suggested that they belonged to the orthorhombic space group P222 1 . It was not possible, however, to solve the structures in this space group. Subsequent analysis of the X-ray data with XPREP (Bruker AXS (2014)) showed an intensity distribution of the data exhibiting a mean |E 2 -1|
value of approximately 0.55, which was much lower than would be expected for a non-centrosymmetric space group, where a typical value would be around 0.74. Clearly pseudo-merohedral twinning was occurring, and as such the true space group was P2 1 with a beta angle close to 908. Knowing the presence of pseudo-merohedral twinning, it was then possible to solve the apoenzyme structure via molecular replacement with the software package PHASER 35 and using as a search probe the coordinates for QdtB (PDB 3FRK). 28 Fourfold averaging and solvent flattening with DM 36 resulted
in an electron density map that allowed for a complete tracing of the protein model with COOT. 37 The initial model was completed by alternate cycles of manual inspection and refinement with the software REFMAC. 38 All other complexes were solved either Table II .
Structural analysis of WbpE from P. aeruginosa
The wbpE gene (P. aeruginosa PAO1-LAC, ATCC 47085) was cloned using primers designed to incorporate NdeI and XhoI restriction sites. The amplified wbpE gene was digested with NdeI and XhoI and ligated into the pET31(b1) plasmid for expression with a C-terminal polyhistidine tag. The K185A variant was made using the Stratagene Quikchange protocol.
The WbpE-pET31 plasmids were used to transform Rosetta2(DE3) E. coli cells (Novagen). The cultures were grown in lysogeny broth supplemented with ampicillin (100 mg/L) and chloramphenicol (50 mg/L) at 378C until an optical density of about 0.8 was reached. They were then cooled on an ice bath, and isopropyl b-D-1-thiogalactopyranoside was subsequently added to a final concentration of 1 mM. Protein expression was allowed to occur for 18 hours at 168C.
Following protein expression, the cells were harvested by centrifugation and frozen as pellets in liquid nitrogen. Stored pellets were disrupted by sonication on ice in a lysis buffer composed of 50 mM sodium phosphate, 20 mM imidazole, 10% glycerol, and 300 mM sodium chloride (pH 8.0). The lysate was cleared by centrifugation, and WbpE was purified at 48C utilizing Ni-NTA resin (Qiagen) according to the manufacturer's instructions. Wildtype protein and the K185A variant were both dialyzed against 10 mM Tris-HCl (pH 8.0) and 200 mM NaCl and concentrated to 20 mg/mL based on an extinction coefficient of 1.68 (mg/mL) 21 cm 21 .
Crystals of the UDP-3-amino-GlcNAcA external aldimine of the K185A mutant were grown from 100 mM MES (pH 6.0), 22-25% pentaerythritol propoxylate (5/4 PO/OH, average molecular weight 426), 10 mM UDP-3-amino-GlcNAcA at room temperature. These crystals were prepared for X-ray data collection by transfer to a cryo-protectant solution composed of 100 mM MES (pH 6.0), 30% pentaerythritol propoxylate, 350 mM NaCl, 10 mM UDP-3-amino-GlcNAcA, and 10% ethylene glycol. Xray data collection was conducted in a similar manner as that described above for WlaRG. The crystals belonged to the monoclinic space group C2 with one subunit in the asymmetric unit. The structure was solved via molecular replacement using as a search model the coordinates for QdtB. Only the K185A mutant variant yielded crystals with the bound external aldimine.
Synthesis of UDP-3-amino-GlcNAcA
The synthesis of the required nucleotide-linked sugar required two steps. The first step was the conversion of UDP-GlcNAc to UDP-GlcNAcA. The starting solution contained 15 mM UDP-GlcNAc, 45 mM NAD 1 , 100 mM ammonium sulfate, and 50 mM HEPPS. The pH was adjusted to 8.5 and WbpA, a dehydrogenase from P. aeruginosa, 20 was added to a final concentration of 2 mg/mL. The reaction was allowed to proceed for 18 hours at 378C. WbpA was removed by filtration and the UDP-GlcNAcA was then purified by ion exchange chromatography at pH 8.5. In the second step, a solution was prepared that contained 0.8 mM UDP-GlcNAcA, 50 mM glutamic acid, and 50 mM HEPPS (pH 8.0). WlbA, a dehydrogenase from Bordetella petrii, 40 and WbpE, an aminotransferase from Thermus thermophilus, were added to a final concentration of 0.5 mg/mL and the reaction allowed to proceed for 24 hours at room temperature. The enzymes were removed by filtration, and the UDP-3-amino-GlcNAcA ligand was purified by ion exchange chromatography at pH 4.0. All required enzymes were previously cloned, over-expressed, and purified in the laboratory.
